olycyclic aromatic hydrocarbons (PAHs)sorganic compounds that consist of fused benzene ringssand their hydrogendeficient precursors have attracted extensive interest from combustion scientists, organic chemists, astronomers, and planetary scientists. On Earth, PAHs are toxic combustion products and a source of air pollution. In the interstellar medium, research suggests that PAHs play a role in unidentified infrared emission bands, diffuse interstellar bands, and the synthesis of precursor molecules to life. To build clean combustion devices and to understand the astrochemical evolution of the interstellar medium, it will be critical to understand the elementary reaction mechanisms under single collision conditions by which these molecules form in the gas phase.
I. Introduction
During the last decades, polycyclic aromatic hydrocarbons (PAHs) together with their hydrogen-deficient precursor molecules have received considerable attention from the combustion chemistry, 1,2 medical, 3 astrophysics, 4 and astrobiology communities. 5 PAHs, which are also considered to be building blocks in the formation of carbonaceous nanoparticles (soot), 6, 7 are often associated with incomplete combustion process-es. 8 Here, soot is primarily composed of nanometer-sized stacks of perturbed graphitic layers that are oriented concentrically in an onion-like fashion. 9 These layers can be characterized as fused benzene rings and are likely formed via agglomeration of PAHs. 10 Those species are emitted to the atmosphere from natural and anthropogenic sources with an average global emission rate of anthropogenic carbon from fossil fuel combustion as high as 2.4 × 10 10 kg per year. 11 Once liberated into the ambient environment, PAHs and soot in respirable size of 10-100 nm can be transferred into the lungs by inhalation and are strongly implicated in the degradation of human health, 12 particularly due to their high carcinogenic risk potential. PAHs and carbonaceous nanoparticles are also serious water pollutants of marine ecosystems and bioaccumulate in the fatty tissue of living organisms. 13 Together with leafy vegetables, where PAHs and soot deposit easily, they have been further linked to soil contamination, 14 food poisoning, liver lesions, and tumor growth. Soot particles with diameters up to 500 nm can be transported to high altitudes and influence the atmospheric chemistry. 15 These particles act as condensation nuclei for water ice, accelerate the degradation of ozone, change the Earth's radiation budget, and could lead ultimately to an increased rate of skin cancer on Earth and possibly to a reduced harvest of crops. 16 Whereas on Earth PAHs are considered severe pollutants and airborne toxic chemicals, in the interstellar medium with temperatures as low as 10 K, PAH-like species are crucial to understanding the astrochemical and astrobiological evolution of carbon-rich environments like circumstellar envelopes of carbon-rich stars, such as IRC+10216, and planetary nebulae. PAH-like species account for up to 10% of the cosmic carbon budget and have been linked to the unidentified infrared (UIR) emission bands observed in the range of 3-14 µm (3300-700 cm -1 ). 17 They have been further considered a carrier of the diffuse interstellar bands (DIBs), discrete absorption features superimposed on the interstellar extinction curve ranging from the blue part of the visible (400 nm) to the nearinfrared (1.2 µm). It should be noted that besides in the interstellar medium, PAHs have also been found in comets 18 and meteorites 19 and have been suggested to be involved in the formation of precursor molecules relevant to life as we know it. 20 A quantitative understanding of the formation of PAHs and their precursors is therefore essential to developing clean combustion devices and to comprehending the astrochemical evolution of distinct interstellar environments. But how are PAHs and their hydrogen-deficient precursor molecules formed? Present-day reaction networks mimicking PAH formation in combustion flames and in the interstellar medium agree that the phenyl radical (C 6 H 5 ) in its 2 A 1 electronic ground state presents the most important transient species to trigger PAH formation. The phenyl radical itself has been scavenged as a methylthioether in flames. 21 Recently, the phenyl radical was also assigned via its ionization potential in sooting hydrocarbon flames utilizing tunable vacuum ultraviolet light from synchrotron sources. 22 These reaction networks concur that phenyl radical reactions with unsaturated hydrocarbon molecules such as (substituted) acetylenes, olefins, and aromatic molecules initiate PAH synthesis via an addition of the radical center of the phenyl radical to the π electronic system of the unsaturated coreactant forming doublet radical intermediates. Theoretical investigations coupled with kinetics studies of these reactions suggested that depending on the temperature and pressure conditions, the intermediates either decompose back to the reactants, fragment predominantly via atomic hydrogen loss pathways, isomerize prior to their decomposition, or are stabilized at higher pressures if the lifetime of the intermediate is longer than the time scale necessary to divert the internal energy of the complexes via a third body collision. 23 The kinetics studies, often conducted utilizing cavity ring down spectroscopy, depict rate constants at temperatures up to 1500 K ranging between 10 -11 and 10 -12 cm 3 s -1
. 24 These studies show also activation energies ranging between 5 and 45 kJ mol -1 upon addition of the radical to olefins and alkynes. 37 But despite impressive kinetic data, the reaction products, identification of which is crucial for a detailed chemical modeling of combustion processes and PAH formation in the interstellar medium, were rarely determined. Laboratory data on the reaction products formed in bimolecular collisions of phenyl radicals with unsaturated hydrocarbons were lacking for a long time, predominantly due to the experimental difficulty in preparing a large concentration of phenyl radicals. Systematic laboratory studies to ascertain the reaction products of phenyl radical reactions with unsaturated hydrocarbons in the gas phase have started only recently with the advance of intense supersonic phenyl radical sources as developed in our laboratory. The crossed molecular beam method presents an efficient experimental technique to supply the nature of the reaction products of phenyl radical reactions. Both combustion and interstellar reaction networks have incorporated a series of bimolecular reactions between radicals, atoms, and closed shell species. Since the chemical evolution of each macroscopic environment can in principle be rationalized by a series of bimolecular collisions between the reactant species, a detailed experimental knowledge of the elementary processes involved at a fundamental microscopic level is therefore desirable to elucidate the primary reaction products. In this context, laboratory experiments under single collision conditions are imperative to identify the primary reaction products of phenyl radical reactions. Here, in a binary collision involving a phenyl radical and a generalized hydrocarbon molecule (RH), which proceeds via complex formation through a reaction intermediate (reaction 1), a single phenyl radical reacts only with one hydrocarbon molecule. Consequently, any collisional stabilization of the intermediate and even consecutive reactions of the primary products can be eliminated. It should be emphasized that only this requirement assures that the nascent reaction products are probed. Note that in "real" denser environments, three-body collisions may take place if the lifetime of the intermediate is longer than the time between collisions. In this case, the reaction intermediate may also be stabilized or undergoes a successive reaction to more complex hydrocarbon molecules.
In this Account, we review contemporary developments on crossed molecular beam studies of the reactions of phenyl radicals with the unsaturated hydrocarbons acetylene (C 2 H 2 ), ethylene (C 2 H 4 ), methylacetylene (CH 3 CCH), allene (H 2 CCCH 2 ), propylene (CH 3 CHCH 2 ), and benzene (C 6 H 6 ). These hydrocarbons serve as simple prototype molecules with triple (acetylene) and double (ethylene) bonds, as well as monocyclic (benzene) aromatic species. Methylacetylene and allene are chosen as the simplest representatives to investigate how the dynamics and kinetics change from one structural isomer to the other. Methylacetylene and propylene have been selected to see how the dynamics changes if a hydrogen atom in acetylene and ethylene is replaced by a methyl group. Reactions with (partially) deuterated reactants were also conducted to elucidate to what extent potential atomic hydrogen loss pathways originate from the phenyl radical or from the closed shell hydrocarbon reactants.
II. The Crossed Molecular Beam Approach
Since the macroscopic alteration of each environment, ranging from high-temperature combustion flames and circumstellar envelopes of carbon stars (few 1000 K) to low temperature hydrocarbon-rich atmospheres of planets and their moons (70-120 K) and cold molecular clouds (10 K [36] [37] [38] [39] In contrast to bulk experiments, where reactants are mixed, the advantage of this approach is the capability to form the reactants in separate supersonic beams. These features provide an unprecedented approach to observe the consequences of a single collision event, preventing secondary collisions and wall effects. In principle, both reactant beams can be prepared in well-defined quantum states before they cross at a specific collision energy under single collision conditions. The products can be monitored via spectroscopic detection schemes such as laser-induced fluorescence (LIF) 40 or Rydberg tagging, 41 via ion imaging probes, 42, 43 or via a quadrupole mass spectrometric detector (QMS) with universal electron impact ionization or photoionization coupled to a mass spectrometric device. Here, the crossed molecular beam method with mass spectrometric detection presents the most versatile technique to study these elementary reactions thus permitting the elucidation of the chemical dynamics and, in the case of polyatomic reactions, the primary products. Only recently, technological improvements in the production of unstable species such as the phenyl radical and vacuum technology have allowed the study of elementary reactions of combustion and astrochemical importance. The experiments reported here were conducted with the crossed molecular beams machine at the University of Hawaii (Figure 1 ). 44 The apparatus consists of two source chambers at a crossing angle of 90°, a stainless steel scattering chamber, and an ultrahigh-vacuum tight, rotatable, differentially pumped quadrupole mass spectrometric (QMS) detector, which can be pumped down to vacuum in the high 10 -13 Torr range. In the primary source, a pulsed supersonic beam of phenyl radicals was generated by flash pyroly-
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sis of nitrosobenzene (C 6 H 5 NO) at seeding fractions of less than 0.1% in helium carrier gas employing a modified Chen source 45 coupled to a piezoelectric pulsed valve. With use of helium as a calibration gas, the temperature of the tube was estimated to be around 1200-1500 K. At these experimental conditions, the decomposition of the nitrosobenzene molecule to form nitrogen monoxide and the phenyl radical is quantitative; this means that in the supersonic beam, only nitrogen monoxide, helium, and the phenyl radical exist. The phenyl radical beam is passed through a skimmer into the main chamber; a chopper wheel located after the skimmer and prior to the collision center selects a slice of molecules with well-defined velocity, which reach the interaction region. The phenyl radical beam intersects pulsed hydrocarbon beams released by a second pulsed valve under well-defined collision energies ranging from 80 to 185 kJ mol -1 . It is important to stress that the incorporation of pulsed beams allows reactions with often expensive (partially) deuterated chemicals to be carried out to extract additional information on the reaction dynamics, such as the position of the hydrogen or deuterium loss if multiple reaction pathways are involved.
To detect the product(s), our machine incorporates a triply differentially pumped, universal quadrupole mass spectrometric detector coupled to an electron impact ionizer. Here, any reactively scattered species from the collision center after a single collision event has taken place can be ionized in the electron impact ionizer, and in principle, it is possible to determine the mass (and the gross formula) of all the products of FIGURE 1. Top view of the crossed molecular beams machine depicting the primary source chamber (phenyl radical source), the secondary source chamber (hydrocarbon source), and the triply differentially pumped detector with electron impact ionizer and quadrupole mass spectrometer. Differentially pumped regions are indicated by I, II, and III. a bimolecular reaction by varying the mass-to-charge ratio, m/z, in the mass filter. Since the detector is rotatable within the plane defined by both beams, this detector makes it possible to map out the angular (LAB) and velocity distributions of the scattered products. Measuring the time-of-flight (TOF) of the products from the interaction region over a finite flight distance at different laboratory angles allows extraction of the product translational energy and angular distributions in the center-of-mass reference frame. This provides insight into the nature of the chemical reaction (direct vs indirect), intermediates involved, the reaction product(s), their branching ratios, and in some cases the preferential rotational axis of the fragmenting complex(es) and the disposal of excess energy into the products' internal degrees of freedom as a function of scattering angle and collision energy. Despite the triply differential pumping setup of the detector chambers, molecules desorbing from wall surfaces lying on a straight line to the electron impact ionizer cannot be avoided. Their mean free path is on the order of 10 3 m compared with maximum dimensions of the detector chamber of about 1 m. To reduce this background, a copper plate attached to a two-stage closed cycle helium refrigerator is placed right before the collision center and cooled to 4 K. In this way, the ionizer views a cooled surface, which traps all species with the exception of hydrogen and helium. What information can we obtain from these measurements? The observables contain some basic information. 46 Every species can be ionized at the typical electron energy used in the ionizer and, therefore, it is possible to determine the mass and the gross formula of all the possible species produced from the reactions by simply selecting different m/z in the quadrupole mass spectrometer. Even though some problems such as dissociative ionization and background noise limit the method, the advantages with respect to spectroscopic techniques are obvious, since the applicability of the latter needs as a prerequisite the knowledge of the optical properties of the products. Another important aspect is that, by measuring the product velocity distributions, one can immediately derive the amount of the total energy available to the products and, therefore, the enthalpy of reaction of the reactive collision. This is of great help when different structural isomers with different enthalpies of formation can be produced. For a more detailed physical interpretation of the reaction mechanism, it is necessary to transform the laboratory (LAB) data into the center-of-mass (CM) system using a forward-convolution routine. 47 This approach initially assumed an angular distribution, T(θ), and a translational energy distribution, P(E T ), in the center-of-mass reference frame (CM). TOF spectra and the laboratory angular distribution were then calculated from these center-of-mass functions. The essential output of this process is the generation of a product flux contour map, I(θ,u)
. This function reports the flux of the reactively scattered products (I) as a function of the center-of-mass scattering angle (θ) and product velocity (u) and is called the reactive differential cross section. This map can be seen as the image of the chemical reaction and contains all the information on the scattering process.
III. Results and Discussion
Here, we review the results of our crossed molecular beam experiments of phenyl radicals with acetylene (C 2 H 2 ), ethylene (C 2 H 4 ), methylacetylene (CH 3 CCH), allene (H 2 CCCH 2 ), propylene (CH 3 CHCH 2 ), and benzene (C 6 H 6 ). Specific details and the methodology of this approach are given for the reactions of phenyl radicals with acetylene, ethylene, and benzene. Hereafter, these findings are transferred to the methylacetylene, allene, and propylene reactants. This approach will help us to elucidate generalized concepts on the chemical dynam- group stays intact during the reactions and that the phenyl radical versus deuterium atom replacement pathways are the dominating exit channels for the reactions with perdeuterated acetylene, ethylene, and benzene. These ion counts of the parent ions can be integrated for each system at different angles to obtain the corresponding laboratory angular distributions. As evident from the data, the LAB distributions are very narrow and show a slight asymmetry with a preferred intensity in the forward direction (0°), that is, the direction of the phenyl radical beam. To collect meaningful information on the chemical dynamics, we must have a detailed look at the derived center-ofmass functions and flux contour maps, which are reported in Figures 3 and 4 , respectively. The best fit translational energy distributions, P(E T ) (Figure 3a) , are illustrated by characteristic maxima of the translational energy, E T,max , of 125-140 (acetylene), 100-120 (ethylene), and 210-230 kJ mol -1 (benzene-d 6 ) reactions. Based on energy conservation, each highenergy cutoff, that is, the maximum translational energy assuming no energy channels into the internal degrees of freedom, represents the sum of the collision energy plus the reaction exoergicity. Therefore, if we subtract the collision energies from these high-energy cutoffs, the phenyl versus hydrogen/deuterium atom exchange pathways are found to be exoergic by 45 Here, all distributions were found to peak away from zero translational energy at a range of 15-40 kJ mol -1 . These findings might indicate the existence of exit barriers when the hydrogen or deuterium atoms are emitted. In other words, the corresponding reversed reactions of hydrogen or deuterium additions to the closed shell hydrocarbon molecule are expected to have entrance barriers of this order of magnitude. 51 Having analyzed the translational energy distributions, we are turning our attention now to the corresponding center-ofmass angular distributions, T(θ)s (Figure 3b ) and the angular part of the flux contour plots (Figure 4 ). For all three systems, best fits could be derived with center-of-mass angular distributions showing intensity over the complete angular range from 0°to 180°. This finding strongly indicates that the reactions of the phenyl radicals with acetylene, ethylene, and benzene-d 6 follow indirect scattering dynamics. This means that the reactions involve the formation of C 2 H 2 C 6 H 5 , C 2 H 4 C 6 H 5 , and C 6 D 6 C 6 H 5 reaction intermediates. Since we are conducting the reactions under single collision conditions, the absence of wall effects and third body stabilization of these interme- Gu and Kaiser diates dictates that all intermediates are unstable and, hence, fragment due to the high internal energy content (rovibrational excitation of the intermediates). It is important to highlight that the T(θ)s are not symmetric with respect to 90°but show a higher flux in the forward (with respect to the phenyl radical beam) direction compared with the backward direction (closed shell hydrocarbon reactant). These findings strongly indicate that the lifetime of each reaction intermediate is shorter than their rotation periods (osculating complex behavior). 52 How do our experimental results compare with recent electronic structure calculations on these systems? The relevant parts of the potential energy surfaces (PESs) are compiled in Figure 5 . Here, the experimental findings correlate very well with the ab initio calculations. As also suggested by the experimental results, the phenyl radical with its unpaired electron located in a A 1 symmetric σ-like orbital adds via small entrance barriers to the π cloud of acetylene, ethylene, and benzene to form doublet radical intermediates C 2 H 2 C 6 H 5 ,
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C 2 H 4 C 6 H 5 , 46 and C 6 D 6 C 6 H 5 , 47 respectively. It is important to note that crossed molecular beam experiments can predict the existence of these intermediates based on the shape of the center-of-mass angular distributions; however, the experiments could not pin down the energetics of these collision complexes. Here, the electronic structure calculations suggested that all three collision complexes rise in potential energy wells located about 100-170 kJ mol 2 ) . The reactions of phenyl radicals with methylacetylene and propylene depict important similarities compared with the nonsubstituted acetylene and ethylene reactants but also striking differences. First of all, the experiments verified explicitly that in reactions of phenyl radicals with perdeuterated methylacetylene, 53 propylene, 54 and allene, 51 only a deuterium atom was emitted; no evidence of an atomic hydrogen loss was monitored. This underlined the conclusions extracted from the acetylene, ethylene, and benzene systems that the phenyl group is conserved during the reactions under single collision conditions, at least in the range of collision energies investigated here. However, the methylacetylene and propylene reactants are more complex than the nonsubstituted counterparts and depict nonequivalent hydrogen atoms at the acetylenic and methyl group (methylacetylene) and at the vinyl and methyl group (propylene). Therefore, even the detection of scattering signal at m/z ) 116 (C 9 H 8 + ; methylacetylene and allene reactants) and m/z ) 118 (C 9 H 10 + ; propylene reactant) makes it difficult to elucidate whether the hydrogen atoms are lost from the methyl group, the acetylenic/vinyl units, or both positions. In these cases, it is very useful to conduct experiments with partially deuterated reactants methylacetylene-d 3 (CD 3 CCH) and (propylene-d 3 )s (CD 3 C 2 H 3 , CH 3 C 2 D 3 ). Here, the experiments proved explicitly that in the case of the methylacetylene-d 3 reaction, only a hydrogen atom loss (from the acetylenic group) was observed; however, in the case of both propylene-d 3 reactants, the crossed beam studied depicted explicitly hydrogen atom losses from the methyl group (CH 3 C 2 D 3 ) and from the vinyl group (CD 3 C 2 H 3 ). Based on the center-of-mass functions and the electronic structure calculations, the following reaction dynamics could be extracted. In case of the phenyl-methylacetylene system, the phenyl radical once again attacks the carbon-carbon triple bond (similar to the acetylene reactant); however, the steric effect and larger cone of acceptance (the methyl group screens the carbon atom and makes it less accessible to addition) direct the addition process of the radical center of the phenyl radical to the R carbon atom of methylacetylene (the carbon atom holding the acetylenic hydrogen atom). This again leads to indirect scattering dynamics as evident from the center-ofmass angular distribution and also from the bound doublet C 6 H 5 HCCCH 3 intermediate found in the electronic structure calculations. Based on the observed hydrogen loss in the reaction with methylacetylene-d 3 and the energetics of the reaction, this intermediate loses a hydrogen atom from the acetylenic group to form a 1-phenylmethylacetylene molecule (C 6 H 5 CCCH 3 ) via a small exit barrier. The presence of an exit barrier is also evident from the shape of the center-ofmass translational energy distribution, that is, a peaking of the latter away from zero translational energy. However, a comparison of the phenyl-acetylene and phenyl-methylacetylene system shows a striking difference. An inspection of the pertinent center-of-mass angular distributions extracted from both reactions (Figure 3b) shows a less forward-pronounced distribution in the phenyl-methylacetylene system. This suggest that at comparable collision energies as investigated here the lifetime of the C 6 H 5 HCCCH 3 intermediate is longer compared with the C 6 H 5 HCCH collision complex formed in the reaction of phenyl radicals with acetylene. On the other hand, the experiments with methylacetylene-d 3 suggested that the lifetime of the C 6 H 5 HCCCH 3 radical is still too low to allow energy randomization to occur so that a deuterium atom could be ejected from the methyl-d 3 group. Note that the chemical dynamics of the phenyl-allene system are similar to those of the methylacetylene isomer. Here, the phenyl radical adds to the terminal carbon atom holding the CH 2 group. The resulting intermediate also ejects atomic hydrogen via a tight exit transition state leading to a phenylallene reaction product (C 6 H 5 HCCCH 2 ).
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Finally, it is interesting to compare the chemical dynamics of the phenyl-propylene system with those of the nonsubstituted reactant (ethylene) but also with the dynamics extracted from the phenyl-methylacetylene system. Similar to the methylacetylene reactant, the phenyl radical adds with its radical center to the nonsubstituted (R carbon) site of the propylene reactant yielding a doublet C 6 Compared with the methylacetylene reaction, the explicit identification of two isomers suggest that the energy randomization is more complete in the phenyl-propylene system (most probably due to the enhanced number of internal degrees of freedom of the reaction intermediate formed) to allow energy flow from the initially activated bond over the carbon skeleton of the hydrocarbon reactant to the carbon-hydrogen bond of the methyl group. It is important to highlight that the center-of-mass angular distributions of the phenyl-ethylene system showed explicitly enhanced forward scattering compared with the phenyl-propylene system; this translates into a longer lifetime of the C 6 H 5 CH 2 CH(CH 3 ) intermediate compared with the C 6 H 5 CH 2 CH 2 collision complex; again, this enhanced lifetime is most likely caused by the increased number of internal degrees of freedom in the C 6 H 5 CH 2 CH(CH 3 ) complex compared with the C 6 H 5 CH 2 CH 2 intermediate.
IV. Conclusions and Summary
The dynamics of the phenyl radical (C 6 H 5 ) reactions with unsaturated hydrocarbons acetylene (C 2 H 2 ), ethylene (C 2 H 4 ), methylacetylene (CH 3 CCH), allene (H 2 CCCH 2 ), propylene (CH 3 CHCH 2 ), and benzene (C 6 H 6 ) as reported in this Account exposed the reaction intermediates, nascent products of the reactions, exit barriers, and underlying mechanisms. The phenyl radical reactions presented here showed common features. First, the phenyl radical was found to add with its unpaired electron located in its 2 A 1 orbital to the π electron density of the unsaturated hydrocarbon reactants via indirect scattering dynamics to form reaction intermediates on the doublet potential energy surfaces. In the case of nonsymmetric reactants like methylacetylene and propylene, steric effects and the larger cones of acceptance direct the addition of the phenyl radical to the nonsubstituted carbon atom of the hydrocarbon reactant (R carbon atom). All addition processes have entrance barriers of up to 15 kJ mol -1 . Based on this piece of information alone, we must conclude that phenyl radical reactions with unsaturated, closed shell hydrocarbon molecules are closed in the cold regions of the interstellar medium such as in cold molecular clouds where averaged translational temperatures of 10 K reside. Likewise, the low temperatures in the hydrocarbon-rich atmospheres of planets and their satellites such as Titan effectively obstruct these phenyl radical reactions to be efficient in synthesizing precursor molecules to PAHs under low-temperature conditions. Second, as evident from the center-of-mass angular distributions obtained from the reactions with acetylene, ethylene, methylacetylene, and allene, the crossed beam studies depicted nicely that at similar collision energies, the lifetimes of the reaction intermediates increased as the number of internal degrees of freedom of the collision complexes increased. Third, the reaction intermediates were found to decompose via atomic hydrogen loss. In the case of the phenylpropylene system, the enhanced lifetime of the reaction intermediate allowed a more efficient energy randomization as compared with the phenyl-methylacetylene system; as a consequence, two reaction channels were open: hydrogen losses from the vinyl and from the methyl groups. It should be stressed that reactions of phenyl radicals with perdeuterated reactants verified explicitly that the phenyl group remained intact; only deuterium atom ejection pathways were monitored, but no atomic hydrogen loss was found to be important. Fourth, all fragmentation channels were found to involve tight exit transition states of about 10-25 kJ mol -1 . This means that in the reverse reactions of a hydrogen atom with the corresponding closed shell hydrocarbon molecules, an entrance barrier of this order of magnitude is also expected. Fifth, at least in the range of collision energies investigated in the present experiments, the reactions are dictated by phenyl radical addition-hydrogen atom elimination pathways; no ring closure processes with the benzene ring were found to proceed to completion. However, reactions at lower collision energies, which will be investigated in the near future, will certainly lead to enhanced lifetimes of the reaction intermediates. This could also result in competing ring closure channels, which in turn should lead to observable deuterium atom elimination products in case of reactions of phenyl radicals with perdeuterated hydrocarbon reactants. Sixth, besides the closed shell reaction products, we have identified various radical intermediates. These structures could be stabilized or undergo subsequent reactions in high-density combustion flames if the lifetime of the reaction intermediates is longer than the time between collisions. In summary, we have presented reaction mechanisms and information on the chemical dynamics of reactions of phenyl radicals with unsaturated hydrocarbon molecules. These investigations present an important step toward a systematic investigation of phenyl radical reactions under single collision conditions and help to unravel the underlying organic chemistry to form polycyclic aromatic hydrocarbon molecules and their precursors in high-temperature combustion flames and in circumstellar envelopes of carbon stars, as well as planetary nebulae. A combination of the rate constants obtained from kinetic studies with the nascent reaction products should expose the role of this reaction class to form PAHs and related compounds in combustion systems and high-temperature extraterrestrial environments. In the coming years, future experiments under single collision conditions should be also conducted at lower collision energies; this may enhance the lifetime of the collision complexes and could also lead to competing ring-closure processes finally yielding bicyclic PAH-like structures. Likewise, reactions of phenyl radicals with complex hydrocarbons such as C 4 H 6 isomers 1,3-butadiene are expected to yield unprecedented information of the role of this reaction class in the stepwise build-up of naphthalene molecules and their acyclic isomers in combustion systems and in the hotter regions of the interstellar medium. 
